We investigate the spatial dependence of the exciton lifetimes in single ZnO nanowires. We have found that the free exciton and bound exciton lifetimes exhibit a maximum at the center of nanowires, while they decrease by 30% towards the tips. This dependence is explained by considering the cavity-like properties of the nanowires in combination with the Purcell effect. We show that the lifetime of the bound-excitons scales with the localization energy to the power of 3/2, which validates the model of Rashba and Gurgenishvili at the nanoscale. The quest for novel semiconductor materials with improved optoelectronic performance has triggered intense research activities to exploit the great diversity of effects offered by low dimensional systems. Besides the many well known effects originating from quantum confinement (e.g., the drastic modification of the electronic density of states), geometrical aspects such as the large surfaceto-volume ratio of low dimensional structures have great influence on the dynamics of the charge carriers. For this reason, many recent publications have directed their attention to this subject. For example, the influence of surface recombination on the lifetimes of the carriers in a diversity of semiconductor nanowires (NWs) has only recently been investigated.
We investigate the spatial dependence of the exciton lifetimes in single ZnO nanowires. We have found that the free exciton and bound exciton lifetimes exhibit a maximum at the center of nanowires, while they decrease by 30% towards the tips. This dependence is explained by considering the cavity-like properties of the nanowires in combination with the Purcell effect. We show that the lifetime of the bound-excitons scales with the localization energy to the power of 3/2, which validates the model of Rashba The quest for novel semiconductor materials with improved optoelectronic performance has triggered intense research activities to exploit the great diversity of effects offered by low dimensional systems. Besides the many well known effects originating from quantum confinement (e.g., the drastic modification of the electronic density of states), geometrical aspects such as the large surfaceto-volume ratio of low dimensional structures have great influence on the dynamics of the charge carriers. For this reason, many recent publications have directed their attention to this subject. For example, the influence of surface recombination on the lifetimes of the carriers in a diversity of semiconductor nanowires (NWs) has only recently been investigated. [1] [2] [3] [4] [5] [6] [7] Perhaps the most direct demonstration of the potential of these nanostructures as optical emitters is given by the discovery of their lasing capabilities, e.g., GaN, InN, ZnS, CdS, and ZnO NWs have been shown to exhibit lasing. [8] [9] [10] [11] [12] In particular, towards the development of wide bandgap light emitters, ZnO has attracted considerable attention due to a variety of reasons such as its high biocompatibility and non-toxicity, its low cost, and most importantly, due to its large Rabi splitting of about 78 meV in planar microcavities 13 and 164 meV in NWs. 14 This giant exciton-polariton coupling suggests that ZnO might be a promising candidate for next generation devices such as exciton-polariton lasers. 15 A few recent publications 14, 16 have investigated in detail the cavity-like properties of self-assembled ZnO NWs, i.e., while ZnO itself is the active medium, the tips of the NWs form the end mirrors of the optical cavity. Regarding the dynamics of the charge carriers in ZnO NWs, a clear relation between the excitonic lifetimes (for near-band-edge (NBE) and bound-exciton emissions) and the dimensions of the NWs (length and diameter) was established in Refs. [17] [18] [19] for an ensemble of NWs. Nevertheless, the distribution of exciton lifetimes along single NWs has only been scarcely 012103-2 Reparaz et al.
APL Mater. 1, 012103 (2013) investigated to date. In particular, Corfdir et al. 23 have investigated the distribution of exciton and bi-exciton lifetimes in ZnO nanobelts using time-resolved cathodoluminescence, showing that this technique is particularly suitable for nanostructured samples with large dislocation densities such as basal plane stacking faults.
In this work, we demonstrate that the recombination dynamics of excitons in ZnO nanowires can be well understood within the concept of optical nanocavities. We investigate the spatial distribution of the lifetimes of the near-band-edge and bound-exciton emissions in single ZnO NWs with different dimensions by means of temperature dependent and time-resolved spectroscopy. We demonstrate that the lifetime of the excitons is systematically reduced by 30% at the tips of the NWs with respect to their maximum value at the center, which originates from the combined effect of the cavity-like properties of these nanostructures with the Purcell effect. 31 In addition, we show that the model of Rashba and Gurgenishvili 24 is valid even at the nanoscale, i.e., the lifetime of the bound excitons is proportional to the localization energy (E loc ) to the power of 3/2. This result provides a means to understand the spatial dependence of the lifetimes of the NBE emission, which is not intuitive due to their spatially extended nature. Finally, the temperature dependence of the photoluminescence (PL) and lifetimes of the excitons in single NWs are also briefly discussed in comparison to bulk ZnO samples.
ZnO NWs were grown by a Au catalyzed vapor-liquid-solid process on sapphire substrates. Previous to the ZnO deposition, the sapphire substrates were pre-patterned using electron beam lithography in order to define specific spots where, subsequently, the Au catalyst was deposited. The main purpose of this patterning stage was to reduce the spatial density of Au nucleation centers and, thus, the density of ZnO NWs. After the pattering stage, about 10 nm of Au was sputtered onto the sample. The NWs were grown from a ZnO powder mixed with graphite powder and the synthesis was carried out in a horizontal quartz tube. The furnace was heated at 900
• C and Ar was used as carrier gas. We point out that we have used this growth sequence since previous attempts based on transferring the NWs into a different substrate using ultrasound have shown strong quenching of their PL intensity as well as large reductions in the excitonic lifetimes. The reason behind this effect is probably the introduction of non-radiative recombination centers, e.g., structural defects due to the sonication process. This represents the main difference comparing to the work by Corfdir et al., 23 where the authors have transferred the nanobelts to a n-doped Si substrate probably creating structural dislocations, which act as non-radiative recombination centers. The diameter of both NWs is estimated from Ref. 18 to be about 50 nm.
The structural quality of the ZnO NWs was studied using high-resolution transmission electron microscopy (HR-TEM). The structural analysis showed high crystal quality for the ZnO NWs, and revealed the (0001) as principal growth direction as can be found in a previous publication. 25 In addition, the surface roughness of the NWs is estimated to be of the order of one atomic layer. The optical properties of these nanostructures were investigated using a micro-photoluminescence (μ-PL) setup. A frequency-doubled Ti:sapphire laser set at 3.493 eV (355 nm) was focused onto the samples using a 63× Zeiss microscope objective specially designed for UV operation. The emitted PL was collected by the same microscope objective and recorded spectrally resolved by a liquid nitrogen cooled charge-coupled device (CCD) camera. The objective was mounted on a XY piezoelectric stage which allowed steps of about 20 nm. Nevertheless, the resolution of the experimental setup was limited by the numerical aperture, NA = 0.75, of the objective lens, and can be estimated (not considering optical aberration) from the radius of the first Airy disk as d = 1.22λ/2NA = 290 nm, where λ = 355 nm is the wavelength of the incident laser light. For the time-resolved measurements we have used the time-correlated single-photon counting technique with a time resolution of about 20 ps. A detailed description of this technique can be found in Ref. 26 .
In Fig. 1(a) , we show a representative SEM image of the investigated NWs. In particular, we note the presence of a Au droplet at the tip of the NW which is responsible for their catalytic growth. Since the density of NWs in the sample is rather small, it was relatively easy to find single wires throughout the sample. Nevertheless, finding those with their c-axis parallel to the surface of the sapphire substrate was not straightforward. More than 50 different NWs were investigated but only about 10% fulfilled the previous condition. We have focused our studies on two NWs with different lengths of about 6.5 μm and 4.6 μm denoted from now on as NW-1 and NW-2, respectively. Figure 1(b) shows a false color integrated intensity μ-PL mapscan of NW-1. The spatial width of the most intense part of the image (represented in red color) is about 300 nm, which corresponds well with the estimated resolution of the setup. In accordance, the regions marked in green (≈150 nm) correspond to the situation when the central part of the laser spot is already off the NW, but one of its semicircular sides is over the NW. Thus, the spatial extent of this region also corresponds well with half of the resolution. Figure 2 (a) displays representative temperature dependent steady-state μ-PL spectra for NW-1 at its central position. The two main sharp lines dominating the 6.6 K spectrum at 3.3568 eV (I 9 ) and 3.3606 eV (I 6 ) arise from In and Al intrinsic impurities, 27, 28 respectively, while the broad band around 3.3650 eV originates from a superposition between their excited states and the donor bound exciton (DX) line of Zn interstitials (I 3a ). 27, 28 On the contrary, the broad band around 3.3760 eV (almost not visible at the lowest temperatures) arises from recombination of the A-free-exciton (FX A ), and its intensity increases with temperature due to dissociation of the dominating DX transitions. Figure  2(b) shows the spectral position of I 9 and I 6 as function of temperature compared to a bulk sample from Tokyo-Denpa. The solid lines are fits to the data points using the model by Viña et al. 29 It is evident that the temperature stability of these excitonic complexes is not affected by the small spatial dimensions of these NWs. Similar results were obtained for NW-2.
In order to investigate the dynamics of the NBE and DX emissions, we studied the spatial dependence of their lifetimes in two different NWs. In particular, the spatial dependence of the NBE emission was investigated at 300 K (Fig. 3(a) ), while the DX was studied at 4 K (Fig. 3(b) ). The measured lifetimes at the centers of NW-1 and NW-2 are 245 ps and 175 ps for the NBE emission (300 K), and 190 ps and 125 ps in case of the DX (4 K), respectively. The difference between NW-1 and NW-2 arises from the different lengths and diameters of the NWs as discussed in Refs. [17] [18] [19] . Compared to bulk ZnO substrates, these values are similar to the short lifetime components of the bi-exponential decay of the NBE (170-360 ps) and DX (230-375 ps) emissions reported by Teke et al. 30 and Wagner et al., 20 which were recently shown to arise from the near-surface region using time resolved two-photon absorption spectroscopy. 21 We note that while non-radiative recombination channels such as structural defects or impurities, e.g., arising from the Au catalyst, might reduce the measured effective lifetimes, it is unlikely that they can account for the observed spatial dependence of the exciton lifetimes. There is no good physical reason to expect that the distribution of non-radiative centers will be symmetrically distributed with a typical spatial length scale of about 1 μm (see Fig. 3 ). Regarding the spatial dependence of the NBE lifetimes, a maximum value is observed close to the centers of the NWs, while it systematically decreases towards both tips. This result is not straightforward to explain, considering that the NBE states arise mostly from the free-exciton emission and, thus, are highly localized in k-space (extended in real-space). Nevertheless, it is still possible to understand this result in terms of the DX oscillator strength as we will briefly discuss. Figure 3 (b) displays the spatial dependence for the DX states at 4 K. A similar trend as in the case of the NBE emission is observed which naturally raises the question: What is the origin of the spatial dependence of the lifetimes of the excitonic states in NWs? Although a larger concentration of defects and impurities might be expected close to the tips of the NWs, this cannot explain the lifetime reduction at the tips since the exciton diffusion length at 5 K is about 200 nm as reported in Ref. 22 and, thus, inconsistent with the typical spatial variation of the lifetimes of about 1 μm. The answer to this question lies in the fact that these nanostructures behave as optical nanocavities despite their sub-wavelength dimensions. This cavity-like behavior can be already foreseen from their lasing capabilities, 12 or more precisely by investigating the spatial distribution of their PL emission as clearly demonstrated in Refs. 14 and 16. In these works, the authors show that excitonic recombination occurs more efficiently at the tips of the NWs, which leads to larger local electric fields. In addition, the Purcell effect 31 accounts for the renormalization of the lifetime (τ ) of an optical emitter immersed in an optical cavity as follows: where τ 0 is the intrinsic lifetime of the emitter, λ e is the emission wavelength, λ c is the central wavelength of the cavity, δλ c is its linewidth, n is the refractive index, V e f f is the effective mode volume, |E(r)| is the electric field amplitude, and |E max | 2 is the maximum electric field intensity. Thus, the previous equation can be qualitatively applied to the case of NWs, where the emitter is given by the spatially localized DX states with the NWs acting as the optical cavity. It follows that the DX lifetime is inversely proportional to the square of the local electric field. Consequently, the lifetime of the DX states diminishes towards the tips of the NWs, since the electric field is more intense in this region 14 as clearly shown in Fig. 3 . We now turn back to the discussion of the spatial dependence of the NBE lifetimes. In view of the previous results for the DX states, it is natural to wonder whether a similar explanation might be valid. Nevertheless, the previous formula cannot be applied to the case of the NBE states since these originate from the free-exciton emission, i.e., are extended states in real space which do not fulfill the Purcell assumptions of spatial localization of the emitter. Although it would be possible to redefine the NBE states by using the concept of an envelope function to partially account for localization along the NWs, we believe this approach lacks experimental justification. Instead, we explain this dependence by using the model of Rashba and Gurgenishvili, 24 which states that the This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to 24 The straight lines represent least-squares fits to the data points.
oscillator strength (f) of the FX states (or equivalently the lifetime τ ) is proportional to that of the DX states, i.e., 1/f FX ∝ 1/f DX ≡ τ FX ∝ τ DX . This general result directly accounts for the similar spatial behavior observed in Figs. 3(a) and 3(b) . Nevertheless, this argument holds provided that the model of Rashba and Gurgenishvili 24 is valid in NWs. This can be directly tested using the main result of this model, which correlates the DX lifetimes with their localization energies (defined as their energy distance to the A T free exciton at 3.3760 eV) by τ ∝ E 3/2 loc . Thus, the lifetimes of the different DX excitons scales with their respective localization energies. In Fig. 4 , we show the lifetime for the I 9 , I 6 , and I 3a DX lines as function of their localization energies taken at the middle point of each NW. For both NWs, the DX lifetimes scale linearly with the 3/2 power of E loc , which validates the model of Rashba and Gurgenishvili 24 in NWs. Most importantly, the validity of this model provides an easy explanation for the spatial dependence of the NBE lifetimes in terms of DX lifetimes.
In conclusion, we have investigated the spatial dependence of the lifetimes of the near-band-edge and bound exciton emissions in single ZnO nanowires. We have found that their lifetimes exhibit a maximum at the center of the nanowires, whereas reductions of the lifetimes by 30% occur towards the tips. This lifetime reduction arises from the larger amplitude of the electromagnetic field close to the tips of the nanowires. The comparable spatial distribution of the exciton dynamics exhibited by the near-band-edge and bound-excitonic states was explained using the model of Rashba and Gurgenishvili 24 which accounts for the proportionality of the oscillator strengths of free-and boundexcitons. Finally, it could be shown that the proportionality of the bound exciton lifetimes with the localization energy to the power of 3/2 is valid not only in bulk material but also at the nanoscale in ZnO nanowires.
